Dehydration-tnelting experiments from 10 to 20 kbar were performed on a metavolcanoclastic rock containing (in vol. %) biotite (16), amphibole (15) and epidott (13) in addition to
INTRODUCTION
Granitoid rocks can form by fractional crystallization of mantle-derived magmas, anatexis of crustal rocks, or a combination of these. However, it may be difficult to determine which of these processes is responsible for the generation of a particular granitoid. Patifio Douce (1992) argued that only those granitoids that are saturated with an aluminosilicate polymorph are undoubtedly dominated by metapelitic crustal material. However, few granitoids contain aluminosilicate (Patino Douce, 1992) , and it is generally difficult to determine the involvement of crustal material in a particular granitoid. Isotopes are extensively used to evaluate the role of mantle-derived magma vs fusion of continental crust in the genesis of granitoids. Isotopes should be used with great care, however, because magmas of granitoid composition can form by anatexis of rocks ranging in composition from basalt to granite. Accordingly, anatectic granitoids can show large ranges in ENJ^J depending on the isotopic composition of the source rock.
It is imperative to study experimentally the melting behaviour and phase relations of different source rocks. Such studies tell what melt composi-tions to expect from different source rocks, the composition of the restite, and how melt and restite change composition in P-T space. Such information is, of course, very important for those studying the petrogenesis of natural granitoid rocks (e.g. Skjerlie, 1993; Brandon & Lambert, 1994) .
High-grade metamorphism is generally believed to occur in the absence of an H 2 O-rich fluid-phase, and melting of crustal rocks is in most cases thought to take place by dehydration-melting reactions involving hydrous minerals. In this process a hydrous mineral-bearing assemblage breaks down to a water-undersaturated melt and an anhydrous (or less hydrous) residual solid assemblage (e.g. Clemens & Vielzeuf, 1987) . During the last 10 years, fluidabsent melting experiments have been performed on strongly peraluminous metapelitic rocks (i.e. Vielzeuf & Holloway, 1988; Patiiio Douce & Johnston, 1991) and on amphibolites (Rushmer, 1991; Beard & Lofgren, 1991; Winther & Newton, 1991; Wolf & Wyllie, 1991 , 1994 Rapp et al., 1991; Patiiio Douce & Beard, 1995) . These studies have confirmed that large volumes of peraluminous granitoid melt can form from pelitic protoliths during granulite-facies metamorphism. Amphibolites are less fertile, but if the temperature increases to beyond 900°C, 20-40% melt of peraluminous granitoid composition can form. Vielzeuf & Montel (1994) argued that greywackes are abundant along active plate margins and suggested that such rocks may be important source rocks for the generation of anatectic granitoid magmas. Their study confirmed that peraluminous granitic melt is produced at 800°C at <10 kbar from a peraluminous metagreywacke by dehydration-melting of biotite-bearing assemblages. The only dehydration-melting experiments performed on rocks with compositions similar to greywackes of intermediate composition (containing both biotite and amphibole) are those of Rutter & Wyllie (tonalitic gneiss, 1988 ) and Skjerlie & Johnston (tonalitic gneiss, 1994) . This is a serious lack in our knowledge because such rocks may be voluminous along active continental margins where anatectic granitoids form during orogenesis (e.g. Vielzeuf et al., 1990; Vielzeuf & Montel, 1994) . In such settings, detritus from continental crust is frequently mixed with detritus from island arcs and ophiolites, and pyroclastic rocks. Mineralogically, such rocks will consist of plagioclase, quartz, biotite, amphibole and possibly epidote, and isotopically they show up as mixtures of continental-and mantlederived material. Such greywackes contain the components necessary to make a granitic liquid (SiC>2, A1 2 O 3 , K 2 O, Na 2 O, H 2 O), and it is therefore important to evaluate their melting potential during high-grade metamorphism. To explore the melting behaviour and phase relations of rocks containing several hydrous phases, fluid-absent experiments have been conducted on a weakly metaluminous metavolcanoclastic rock containing biotite, amphibole and epidote. In addition to determining the melt production and composition of all the phases as a function of temperature and pressure, we wanted to study whether melts of significantly different composition can form from the same source rock if melt-extraction is fast and effective, and if biotite-and amphibole-dominated assemblages melt at distinct temperatures.
Another major goal was to determine how epidote affects the phase relations. Thompson & Ellis (1994) argued that zoisite is likely to be involved in important dehydration-melting reactions with amphibole at temperatures slightly higher than the water-saturated basalt solidus in the CMASH system (CaO + MgO + A1 2 O 3 + SiO 2 + H 2 O) from 10 to 20 kbar in quartz amphibolites. However, this suggestion was solely based on calculated phase equilibria, and no dehydration-melting experiments were performed. However, the obtained phase diagrams suggested that the presence of zoisite lowers the temperature of the amphibole dehydration-melting reaction. This is an important result, and dehydration-melting experiments are needed on epidote-bearing rocks to determine how the presence of epidote affects the phase relations to amphibole and/or biotite.
CHARACTERIZATION OF THE STARTING MATERIAL AND EXPERIMENTAL PROCEDURES
Experiments were performed on a Precambrian paragneiss from the Western Gneiss Region of Norway. The rock last equilibrated under epidote amphibolite facies conditions and was suitable for our purpose because it represents a typical metavolcanoclastic rock (F. Skjerlie, personal communication, 1992 ) and contains abundant biotite (16 vol. %), amphibole (15 vol. %) and epidote (13 vol. %), as well as plagioclase (An 18 ) and quartz. The rock is weakly metaluminous [molar A1 2 O 3 / (CaO + Na 2 O + K 2 O) ~0-9] and Fe rich (FeO t = 917 wt%, m^-number = 32-53). Its bulk composition, mode and mineral compositions are presented in Table 1 .
All experiments were performed in 0-5 inch (1-27 cm) end-loaded piston-cylinder apparatuses at the University of Oregon and the University of Bergen utilizing an all-NaCl cell. Experiments were per- All values are in weight percent except numbers in parentheses in the first row which are volume percent The modal composition was first determined by mass balance. Obtained weight percentages were then recalculated to volume percent by using densities from Deer et al. (1992) c   GRSF63  GRSF37  GRSF34  GRSF13  GRSF15  GRSF32  GRSF49  GRSF51  GRSF73  GRSF71  GRSF44  GRSF74  GRSF66  GRSF48  GRSF39  GRSF53  GRSF42  GRSF72  GRSF67  GRSF61  GRSF69  GRSF4O  GRSF54   10  10  10  10  10  10  10  10  12.5  12.6  12.5  15  15  15  15  15  15  15  20  20  20  20  20   850  875  900  925  950  975  1000  1050  850  875  925  850  875  900  925  950  975  1000  850  875  900  925  975   312  663  354   330   240  97  163  137  455  451  307  423  233  309  618  263  305  237  335  523  357  403  306 formed at 10, 12*5, 15 and 20 kbar and temperatures from 850°C to 1050°C. Experimental conditions and phase assemblages are presented in Table 2 . Experiments were pressurized to 3-4 kbar at room temperature and then heated to target temperature while gradually increasing pressure to target pressure. In this fashion, the target P and T were reached simultaneously. Because of thermal expansion after the target T was attained, final adjustment corresponded in every case to a pressure release (hot, piston out). Temperature was measured using W74-Re26/Wg5-Re5 thermocouples relative to an Omega electronic ice point (0°C) and controlled by a Eurotherm 808 temperature controller. Temperature stability throughout all experiments was better than 5°C. Samples were contained in welded gold capsules. Considerable care was exercised to eliminate as much adsorbed humidity from the starting material as possible. The capsules were filled with 15-20 mg of ground sample (10-20 fim). The capsules were then stored open in a 130°C oven for at least 24 h and then crimped shut inside the oven and immediately sealed by arc-welding. After every experiment the pressure medium (NaCl) was dissolved in water, and the capsules were carefully inspected for tears and then weighed. No tears or weight loss were detected in any of the capsules. Although the oxygen fugacity /(O2) cannot be buffered in H 2 O-undersaturated experiments, repeated determinations of JIO2) from compositions of coexisting Fe-Ti oxides, orthopyroxene and biotite in experimental products generated by the same cell assembly as used for this work have shown that it imposes oxygen fugacities 1 log unit more reducing than the quartz-fayalitemagnetite (QFM) buffer (Patino Douce & Beard, 1994 .
None of the experiments was reversed, but experience with partial melting of fine-grained rock powders has demonstrated that long run times lead to an acceptable approach to equilibrium. The fact that modes and melt and most mineral compositions changed regularly throughout the pressure and temperature range investigated suggests satisfactory approach to equilibrium. Non-equilibrium features include newly grown garnet and plagioclase mantling relict cores with somewhat different compositions. However, this is not unique, as equilibrium is generally not attained between relict and new garnet and plagioclase (Vielzeuf & Holloway, 1988; Patino Douce & Johnston, 1991; Vielzeuf & Montel, 1994; and many others) . The important thing is that the newly grown garnet and plagioclase rims are in equilibrium with the rest of the new phases, particularly the melt.
ANALYTICAL PROCEDURES AND MODE DETERMINATIONS
Experimental products were mounted in epoxy, sawn in half and polished. A back-scattered electron (BSE) mosaic covering approximately 180x130 /un was prepared utilizing a JEOL-6400 scanning electron microscope at the University of Bergen. Electron microprobe analyses of minerals and glasses were obtained with a Cameca SX-50 microprobe at the University of Oregon and a Gameca Camebax microprobe at the Mineralogical-Geological Museum in Oslo. Natural and synthetic minerals and glasses were used as standards. The following conditions were used for the different phases. Hydrous minerals and feldspars: 10 nA beam current, focused beam; all other crystalline phases: 20 nA beam current, focused beam; glass: 10 nA beam current and a variable sized rastcred beam. Microprobe analyses of Na in hydrous glasses are very uncertain owing to Na migration, and the real concentrations are probably higher than the analysed concentrations. This was well demonstrated by Patino Douce & Johnston (1991) , who discarded their Na2O analyses and calculated the Na 2 O content by mass balance. The calculated concentrations are of the order of twice the analysed amounts. Determination of glass Na 2 O contents by mass balance in our run products was not possible because several phases contain significant amounts of Na. When probing hydrous glasses the beam diameter should be enlarged and the beam current reduced. In the low-temperature charges, the small size of the glass pools unfortunately limited the size of the rastered beam to 1-3 /mi. Accordingly, the Na 2 O values obtained for these glasses are likely to be much too low. After completion of amphibole dehydration-melting, a rastered beam measuring 5x5 fim could be used and the obtained Na 2 O values are more reliable, but are still probably low.
Modal data for all experiments were obtained by point-counting back-scattered electron photomosaics. A grid was placed on top of each mosaic and 1000-1500 points were counted for each charge. Mass balance calculations were unreliable owing to the presence of many phases, uncertain Na 2 O analyses, and zoned minerals (garnet and plagioclase). Although it is impossible to know the errors associated with the obtained modal data, point counts from different areas in selected charges do not vary by more than 5 vol. %. 
RESULTS

Description of experimental run products
10 kbar At 850°C (Fig. la) only traces of biotite remain (~2 vol. %), but despite the breakdown of ~14 vol. % biotite, only ~5 vol. % glass is present and no orthopyroxene has formed (Table 3 , Fig. 2 ). The abundance of amphibole is ~18 vol. % higher than in the starting material, whereas that of quartz is lower and that of plagioclase is higher. The strong increase in the amount of amphibole and the disappearance of biotite is an important result, and has not, to the best of our knowledge, been observed in other experimental studies. Relict cores of garnet are mantled by euhedral rims of newly grown garnet. Epidote has undergone extensive reaction, as shown by strongly embayed grains of epidote surrounded by thick mantles of anorthitic plagioclase intergrown with tiny grains of magnetite (Fig.  la) . In some cases epidote is completely pseudomorphed by plagioclase. At 875°C biotite is absent whereas the amount of glass is somewhat higher and the abundance of amphibole is slightly lower than in the 850°C charge (Fig. 2) . Neither dinopyroxene nor orthopyroxene has formed, suggesting that the increase in the abundance of melt is not a result of amphibole dehydration-melting. From 875°C to 900°C the amount of glass increases to ~19 vol. % whereas the abundances of amphibole, plagioclase and quartz decrease (Table  3 ). Glinopyroxene and orthopyroxene appear (Fig.  lb) , which is consistent with the onset of amphibole dehydration-melting between 875°C and 900°C. At 925°C amphibole is absent, and the melt fraction is 34 vol. %. From 925°C to 975°C the abundance of pyroxene increases slightly and the abundances of quartz and garnet decrease slightly. However, the changes are less than the uncertainty and may be insignificant. From 975°C (Fig. lc) to 1000°C (Fig.  Id) , garnet disappears, the abundances of plagioclase, pyroxene and quartz decrease, and the abundance of glass increases to ~70 vol. %.
12-5 kbar
At 12-5 kbar and 850°C, the mode resembles that in the charge at 10 .kbar and 875°C. However, the abundances-of garnet and melt are larger in the 12-5 kbar charge whereas the abundance of amphibole is less (Fig. 2) . The amount of amphibole is larger at 12-5 kbar and 850°C than in the starting material (24 vs 15 vol. %). At 875°C, the abundance of melt has increased to 22 vol. % (Table 3) , demonstrating greater melt productivity at 12 -5 kbar and 875°C than at the same temperature at 10 kbar. The abundance of amphibole decreases from 24 vol. % at 850°C to 4 vol. % at 875°C whereas clinopyroxene forms. At 925°C, amphibole is absent, and the abundance of melt is ~30 vol. %. It should be noted 15 kbar that the amount of clinopyroxene is less whereas the amount of garnet is higher at 125 kbar than at 10 At 850°C (Fig. le) , ~5 vol. % of euhedral biotite kbar (Table 3) . Orthopyroxene is a product of remains, whereas the amount of amphibole is -7 amphibole dehydration-melting and is present as vol. %. The amount of glass is ~16 vol. %, and subhedral to euhedral crystals at 875°C and 925°C . clinopyroxene is present as large subhedral and Gt, garnet Amph, amphibole; Bio, biotite; Cpx + Opx, clinopyroxene + orthopyroxene; Gl, glass; PI, plagioclase; Qz, quartz.
euhedral crystals. This modal composition reflects a significant change in the phase relations from 12*5 to 15 kbar, and that the melt productivity increases significantly from 10 to 15 kbar at 850°C. At 875°C (Fig. If) , only traces of amphibole remain, but the charge still contains ~ 8 vol. % euhedral biotite and 22 vol. % glass (Table 3 ). This shows that the amphibole-out temperature is located below 900°C at 15 kbar and accordingly that the thermal stability of amphibole decreases from 10 to 15 kbar. Whereas the abundances of amphibole are larger than in the starting material at 850°C at 10 and 125 kbar, the amount is less than in the starting material at 850°C and 15 kbar. The amount of garnet is greater at 15 kbar (~16 vol. %, 925°C) than at 10 kbar (~10 vol. %, 925°C), but somewhat less than at 12-5 kbar (Table 3) . Orthopyroxene is absent at 15 kbar, whereas at 925°C the amount of clinopyroxene is twice as high at 15 kbar as at 12 -5 kbar. The assemblage does not change from 900° to 975°C and consists of quartz, plagioclase, glass, clinopyroxene, garnet and ilmenite (Table 3) . From 975°C to VOLUME 37 NUMBER 3 JUNE 1996
1000°C the melt fraction increases abruptly to ~60 vol. %, whereas the abundances of plagioclase and quartz decrease (Table 3) .
20kbar
At 20 kbar and 850°C (Fig. lg) only ~6 vol. % glass is present despite massive breakdown of amphibole and much of the biotite. This modal composition demonstrates a major change in the melting behaviour from 15 to 20 kbar at 850°C. As expected, the abundance of garnet is higher than in comparable lower-pressure runs, whereas the abundance of plagioclase is lower. From 850°C to 875°C, the melt fraction increases from 7 to 12 vol. % whereas the abundance of biotite decreases from 6 to 3 vol. %. The amount of melt continues to increase from 875°C to 900°C, accompanied by an increase in the abundance of garnet and a decrease in the amount of plagioclase and quartz. From 900°C to 925°C (Fig. lh) the melt abundance increases from ~18 to ~23 vol. %, whereas the amounts of garnet and clinopyroxene decrease. The amount of plagioclase increases from 22 vol. % at 925°C to 30 vol. % at 975°C. This is probably related to breakdown of the jadeite component of clinopyroxene in the same temperature interval (discussed below).
PHASE COMPOSITIONS
Amphibole
Amphibole of ferro-pargasitic composition constitutes 15 vol. % of the starting material. At 10 kbar, amphibole (ferro-pargasite) is present as subhedral and euhedral crystals from 850°C to 900°C, and the abundance is higher at 850°G, 875°C and 900°C than in the starting material. There are minor compositional differences between amphibole in the starting material and in the experimental charges (compare Table 1 and Table 4 ); the contents of TiO 2 , MgO and KjO are slightly higher in the experimental charges at 10 kbar. Except for a slight increase in the amount of MgO, there are no compositional variations with increasing temperature at 10 kbar. At 15 kbar, amphibole is present as anhedral and subhedral crystals at 850°C and 875°G, but the abundances are less than in the comparable charges at 10 kbar. Compared with amphibole in the 10 kbar charges, the composition is similar except for higher abundance of Na2O in the 15 kbar amphiboles.
Biotite
At 10 kbar biotite is only present as a few tiny euhedral platelets at 10 kbar. Biotite is present at 850°C and 875°C at 15 kbar and 20 kbar and always occurs as small subhedral-euhedral platelets. Compared with biotite in the starting material, biotite in the charges contains less FeO and more TiC>2 and MgO (compare Table 1 and Table 5 ).
Garnet
Garnet is an important phase and is present in all charges except the two highest-temperature runs at 10 kbar. New garnet generally occurs as euhedral overgrowths on relict cores, and the core-rim transition is generally marked by small inclusions of quartz (see several BSE mosaics, Fig. 1 ). The corerim transition represents a major change in the chemical composition resulting from the fact that the bulk rock equilibrated under another set of PT conditions than those of the experiments, and very sluggish cation diffusion in garnet prevents homogenization of old cores and new rims. Although this is a disequilibrium feature, all dehydration-melting experiments on rock powders containing primary garnet have reported this feature (e.g. Vielzeuf & Holloway, 1988; Patifio Douce & Johnston, 1991; Vielzeuf & Montel, 1994) . The variation in the amount of garnet in PT space shows that the most striking feature is the systematic increase in the amount of garnet with increasing pressure (Fig. 2) . At 10 kbar amphibole undergoes dehydrationmelting from 875°C to 925°C, and in the same temperature interval the amount of garnet increases by 4 vol. %. Because the modal data are associated with errors that may be as large as ~5 vol. % the increase in garnet could be an-artefact and not a product of the amphibole breakdown reaction. In any event, garnet is definitely not an important product of the amphibole dehydration-melting reaction at 10 kbar for this rock. At higher temperatures the amount of garnet decreases, and it disappears completely by 1000°C. The same kind of trend occurs at 20 kbar, where the content of garnet increases slightly from 875°C to 900°C, and then decreases. Microprobe analyses of garnet in all charges are presented in Table 6 , and the variations in the amount of the garnet endmembers as a function of temperature are shown in Fig. 3 . The grossular content generally increases with pressure, whereas the almandine and spessartine contents are inversely related to pressure. Garnet is the only phase containing significant amounts of MnO, and the decreasing content of MnO in garnet with increasing pressure is related to the increase in the amount of garnet. The behaviour of the grossular and pyrope endmembers is different at 10 kbar from that at 125 and 15 kbar. At 10 kbar, the contents of the pyrope and grossular endmembers do not show any significant up-temperature variations. The abundances of pyrope in garnet increase with increasing temperature, whereas that of grossular decreases with temperature at 12-5 and 15 kbar. The content of almandine does not vary with increasing temperature at any of the studied pressure conditions.
Clinopyroxene
Clinopyroxene is another very important phase and is present in most charges except at 850°C and 875°C at 10 kbar and at 850°C at 125 kbar. At 10 kbar, it first appears at 900°C and is associated with dehydration-melting of amphibole. The relationship between breakdown of amphibole and formation of clinopyroxene is clearly demonstrated in Fig. 2 , showing that amphibole disappears in the same interval as clinopyroxene forms. The crystal shape of clinopyroxene is strongly pressure dependent. At 10 kbar, clinopyroxene is intergrown with orthopyroxene, forming euhedral crystals, or is developed as small anhedral crystals. This contrasts with orthopyroxene, which is often developed as larger euhedral crystals. At 12 -5 kbar, the crystal shape of clinopyroxene is better developed, and at 15 kbar it generally occurs as large euhedral inclusion-rich crystals (Fig. If) . At 20 kbar, clinopyroxene is developed as subhedral and euhedral crystals. Microprobe analyses of clinopyroxene are presented in Table 7 . Clinopyroxene is of augitic composition (Fig. 4) , and the most significant compositional variations are pressure dependent (Fig. 5) . With increasing pressure, clinopyroxene becomes enriched in TiO2, A1 2 O 3 and NajO, and depleted in FeO t and MnO. The amount of MgO is the same at 10, 125 and 15 kbar, but decreases from 15 to 20 kbar. There is a pronounced increased solubility of jadeite in clinopyroxene with increasing pressure, and clinopyroxene in the 20 kbar runs (7"<950°C) is omphacitc (Fig. 6) . At 20 kbar, TiO 2 is highly soluble in clinopyroxene, but the solubility decreases abruptly from 900°C to 925°C. The amount of jadeite component in clinopyroxene decreases from 925°C to 950°C (Fig. 5 ). Orthopyroxene but is solely related to dehydration-melting of amphibole. Microprobe analyses of orthopyroxene Orthopyroxene is present at 10 and 125 kbar, and it (hypersthene-ferro-hypersthene, Fig. 4 ) are preoccurs as euhedral crystals that are in many cases sented in Table 8 . The main compositional variation intergrown with dinopyroxene. Breakdown of biotite occurs from 975°G to 1000°C, and is defined by is not associated with formation of orthopyroxene, strong increases in AI2O3, MgO and MnO. and there are important pressure-dependent variations in plagioclase composition. From 10 kbar to 20 kbar the content of CaO in plagioclase decreases whereas the content of Na2O and K 2 O increases (Fig. 7) . The content of CaO in plagioclase increases with temperature, and the same is true for K 2 O at 20 kbar from 850°C to 925°C. The content of K 2 O decreases up-temperature at 10 and 12-5 kbar, whereas the amount of Na 2 O decreases with increasing temperature at 10 kbar, but stays constant at other pressures. The amount of FeO is similar at all pressures up to 975°C. From 975°C to 1000°C the content of FeO increases at 10 kbar and decreases at 15 kbar. Alkali feldspar has been found in the run products at 850°C and 10 kbar and at T^925°C at 20 kbar. Alkali feldspar in the 10 kbar charge occurs as very small crystals, and no reliable analyses could be obtained. Analyses of alkali feldspar at 20 kbar are presented in Table 10 .
Feldspar
Feldspar (Anis) is present in the starting material and in all the experimental charges (Table 2) . Newly grown plagioclase in the experimental charges either occurs as euhedral overgrowths on old relict cores or as small subhedral-euhedral crystals. The mantles are generally only 1-5 fim thick (although they become somewhat thicker with increasing temperature and pressure), which made them difficult to analyse. Analyses of newly grown plagioclase (mantles and small euhedral grains) are presented in Table 9 , and plotted in Fig. 7 . The amount of plagioclase decreases with increasing pressure (Fig. 2) ,
Epidote
The starting material contains ~13 vol. % euhedral epidote (Table 1) . Thompson & Ellis (1994) suggested that zoisite will undergo dehydration-melting with amphibole and quartz in the GMASH system, and one goal of the present study was to determine how epidote behaves under water-undersaturated conditions in the present bulk composition. In the lowest-temperature charges at 10 kbar, epidote occurs as strongly embayed grains mantled by thick rims of anorthitic plagioclase (Fig. la) . At higher temperatures and higher pressures epidote is absent, but the former presence of epidote is indicated by globular clusters of plagioclase (i.e. results show that all experiments are at temperatures higher than the thermal stability of epidote, and that its thermal stability decreases with increasing pressure. At 15 and 20 kbar, plagioclase globules pseudomorphing epidote are intergrown with euhedral platy biotite at 850°C and 875°C. This observation suggests that epidote is involved in a reaction that produces plagioclase and biotite. 
Glass
Glass is present in all the experimental charges, and the abundance and composition of glass vary with temperature and pressure. At 10 kbar, the abundance of melt increases in a stepwise fashion. The first major melt-forming event is associated with breakdown of amphibole from 875°C to 925°C resulting in a total of 34 vol. % melt. The second melting event takes place from 975°G to 1000°C, and the abundance of melt increases to 71 vol. %. This melting event is associated with removal of garnet and a large decrease in the abundance of plagioclase. Biotite and epidote do not directly contribute much to the formation of melt, but they do so indirectly as biotite + epidote are transformed to amphibole that later goes through dehydration-melting. The abundance of melt increases from 10 kbar to 15 kbar at 850°C; this is related to a decreasing thermal stability of amphibole (Fig. 2) . At 15 kbar the abundance of melt increases smoothly from 850°C to 975°C and then jumps from 975°C to 1000°C. The last event is related to a considerable decrease in the abundance of plagioclase and quartz, but garnet is still present. This shows that the thermal stability of garnet increases from 10 to 15 kbar. From 15 to 20 kbar the abundance of melt decreases at 850°C. This is probably related to formation of jadeitic clinopyroxene which prevents Na 2 O from dissolving in the melt phase, thereby decreasing the fertility.
I
Microprobe analyses of glass are presented in Table  11 , and the chemical variation as a function of temperature at all the studied pressures is shown in Fig. 8 . At 20 kbar, AI2O3 decreases monotonically, whereas at the other pressures, the amount of AI2O3 stays about constant with increasing temperature. The abundances of the elements with low solubility in granitoid liquids (i.e. TiC>2, FeO t , MgO and CaO) increase with increasing temperature. At 15 and 20 kbar, the amount of K 2 O increases monotonically to 925°G and then decreases at higher temperatures. At 10 kbar, the amount of K 2 O increases to 875°C and then decreases at higher temperatures. At 12 -5 kbar, the amount of K 2 O increases from 850°C to 925°C. The amount of Na2O generally increases with temperature, but decreases with increasing temperature from 950°C at 10 kbar. Figure 8 shows that the melts generally become poorer in FeO t) MgO and CaO with increasing pressure. The content of SiO2 is independent of pressure, whereas the melts become richer in K 2 O with increasing pressure at temperatures higher than 875°C. These results show that pressure and temperature have opposite effects on melt composition, i.e. the melts generally become less felsic with increasing temperature and more felsic with increasing pressure. All the experimentally produced glasses are peraluminous and corundum normative (Table 11) . VOLUME 37 NUMBER 3 JUNE 1996
INTERPRETATION OF EXPERIMENTAL RESULTS
kbar
At 850°C biotite constitutes only ~2 vol. % of the mode, but despite this, only ~5 vol. % glass is present. The amount of amphibole is ~ 18 vol. % larger than in the starting material, suggesting that the excess amphibole is a product of the biotite breakdown reaction. The content of quartz has decreased from 22 to 10 vol. %, whereas the content of plagioclase is 14 vol. % higher than in the starting material. Epidote is strongly resorbed and occurs as relict cores surrounded by thick mantles of plagioclase (Fig. la) Table 9 ), the charge must contain minor amounts of potassium feldspar. Only a few grains of K-spar have been found in the charge, and tiny crystals of orthoclase must have been overlooked [see also Vielzeuf & Clemens (1992) ]. These relationships suggests a reaction that consumes biotite, quartz and epidote, and has amphibole, garnet and orthoclase as reaction products on the high-temperature side. This suggests a dehydration-melting reaction of the following generalized form:
Biotite + Quartz + Epidote = Amphibole + Garnet + Orthoclase + Plagioclase + Melt + H 2 O (dissolved).
(1) Reaction (1) is a new type of dehydration-melting reaction and suggests that the presence of epidote lowers the fluid-absent solidus of biotite-bearing assemblages. It could be argued that the small melt fraction that is present at 850°C is caused by H 2 Osaturated melting owing to dehydration of epidote to anorthite and magnetite by the reaction Epidote + Quartz = Anorthite + Magnetite + H 2 O. (2) However, we do not believe this to be the case for the following reasons. If it is assumed that biotite, amphibole and epidote contain 3-9, 2'0 and 1-2 wt% H 2 O, respectively (Clemens & Vielzeuf, 1987) , it can be estimated that the glass contains ~6-5 wt % H 2 O, which is not enough to saturate the melt in H 2 O (Wyllie, 1977; Holz et al, 1995) . This argues against water-saturated melting, and is further sustained by the phase relations at 12*5 kbar (discussed below). Mass-balance calculations further show that there is not enough Fe in biotite to account for Fe in amphibole and garnet at 850°C and 10 kbar. Fe in amphibole and garnet can only be accounted for if epidote participates in the amphibole-and garnetforming reaction. Based on these results we conclude that epidote reacts with biotite and quartz, and that reaction (1) is a true dehydration-melting reaction. The very low amount of melt that is produced by reaction (1) is caused by the low melting temperature and the fact that amphibole is a reaction product. Formation of amphibole limits the amount of water that is available for the melt. The resulting low melt fraction prevents all the potassium in biotite from entering the melt, and causes saturation in alkali-feldspar. Reaction (1) lacks orthopyroxene as a reaction product, a phase that is often believed to be a product of biotite dehydration-melting reactions. Vielzeuf & Montel (1994) performed a detailed experimental study on a peraluminous metagreywacke, in which they observed that the first occurrence of melt from biotite breakdown had garnet but not orthopyroxene as a reaction product at 10 kbar. They further observed that the region where garnet and melt coexist in the absence of orthopyroxene widens with increasing pressure, and that the amount of garnet increases with pressure. They explained the lack of orthopyroxene by operation of the following fluid-absent reaction that occurs at a lower temperature than the orthopyroxene-forming reaction:
Biotite + Plagioclase + Quartz = Garnet + Orthoclase + Melt.
Patifio Douce & Beard (1995) performed experiments on a biotite + plagioclase + quartz assemblage, but did not report any region where garnet and melt coexist in the absence of orthopyroxene. They argued that formation of orthopyroxene is controlled by the m^-number of the starting material because the reaction Plagioclase + OrthopyToxene = Garnet + Clinopyroxene (4) moves to higher pressure with increasing /ng-number. From 850°C to 875°C the amount of glass increases from 5 to 9 vol. %, whereas the amount of amphibole decreases from 32 to 28 vol. %. Although these variations are less than the uncertainties, the back-scatter mosaics shows that there is more melt in the charge at 875°C, and twice as much seems to be a fairly reasonable estimate. Variations in the abundances of the remaining phases arc also less than the uncertainties in the modes, but the increase in the amount of plagioclase is probably real, owing to continuing breakdown of remaining epidote. Although the increase in the melt fraction from 850°C to 875°C involves breakdown of amphibole, the lack of pyroxenes argues against onset of amphibole dehydration-melting.
The melting reaction produces ~4 vol. % melt, and breakdown of 4 vol. % amphibole cannot account for the high content of potassium in the melt phase. In fact, ~ 13 vol. % amphibole needs to break down to explain the potassium content of the melt phase. K-spar is not observed in the 875°C charge, and the melting reaction therefore involves removal of this phase. A possible explanation for the changes taking place from 850°C to 875°G will be presented in the next section, on amphibole-biotite relationships from 10 to 12-5 kbar. From 875°C to 925°C, amphibole breaks down, and this is accompanied by formation of clinopyroxene and orthopyroxene and a strong increase in the melt fraction. The abundances of plagioclase and quartz decrease. This change in the mode is consistent with the following dehydrationmelting reaction:
Amphibole + Plagioclase + Quartz = Clinopyroxene + Orthopyroxene ± Garnet + Melt. (5) From 975°C to 1000°C (Table 3 ) the abundance of melt increases to >70%, garnet disappears, and the abundances of pyroxenes, plagioclase and quartz decrease. This suggests a melting reaction of the following form:
Garnet + Plagioclase + Pyroxene + Quartz = Melt + Magnetite.
12-5 kbar
At 850°C, the charge resembles that at 875°C and 10 kbar; differences include a lower content of amphibole and almost twice as much garnet (Table  3) . As mentioned above, there is more amphibole in the charge at 850°C and 125 kbar than in the starting material (24 vs 15 vol. %), which suggests that reaction (1) is also operative at 12-5 kbar. However, there is considerably less amphibole than in the charge at 850°C and 10 kbar (24 vs 32 vol. %). The amount of garnet is doubled from 10 to 12-5 kbar at 850°C (Table 3 ). These observations show that reaction (1) produces substantially more garnet and less amphibole with increasing pressure from 10 to 12 -5 kbar. Increasing production of garnet suggests that reaction (1) back-bends with increasing pressure. It is noteworthy that the amount of melt is larger at 12-5 than at 10 kbar (r<925°C). This is the opposite of what would be expected if the melt formed by water-excess melting owing to dehydration of epidote. This is so because the solubility of water in silicate melts increases with pressure (Burnham, 1979) , and for a given amount of available water the abundance of melt should decrease with increasing pressure. We suggest that the increase in melt fraction from 10 to 12 -5 kbar at 850°C is caused by reaction (1) producing less amphibole and more garnet. Because of this, more water is made available to the melt, and more melt can be produced. At 875°C the abundance of melt is 22 vol. % owing to completion of amphibole dehydration-melting. The melting reaction produces garnet, clinopyroxene and orthopyroxene, but clinopyroxene is the dominant phase. These observations show that amphibole dehydration-melting occurs at lower temperature at 12 -5 kbar than at 10 kbar, confirming that the reaction boundary slopes negatively in this pressure interval. At 10 kbar amphibole is gone by 925°C, and at 925°C the amount of melt is somewhat less at 125 kbar (30 vol. %) than at 10 kbar (34 vol. %, Table 3 ). There is more garnet and less clinopyroxene at 12'5 kbar than at 10 kbar and the contents of plagioclase and quartz are similar (Table 3) .
kbar
The results at 15 kbar are important in that the melt fraction is considerable (16 vol. %) at 850°C, and biotite is present as euhedral platelets together with euhedral amphibole. This result demonstrates an important change in the phase relations from 12 -5 to 15 kbar, and in particular that the reaction producing amphibole from biotite + epidote is no longer important. It is important, however, that epidote is only present in trace amounts at 850°C and that the amount of biotite (6 vol. %) is less than in the starting material (16 vol. %). It is also noteworthy that biotite occurs as euhedral platelets intergrown with plagioclase in the pseudomorphs after epidote.
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These results indicate that the epidote and biotite dehydration-melting reaction (1) is no longer operative, and that epidote is involved in a biotiteforming reaction at 15 kbar. The higher thermal stability of biotite at 15 kbar can therefore be explained by termination of reaction (1) between 12-5 and 15 kbar. This explanation implies that reaction (1) must be intersected by a new reaction which consumes epidote and produces biotite. The nature of this reaction is not clear but our preferred explanation is that the dehydration-melting reaction that involves amphibole and epidote (Thompson & Ellis, 1994) Amphibole + Epidote + Quartz = Clinopyroxene + Garnet + Melt (7) back-bends more than reaction (1). If so, epidote would be consumed by reaction (7) and biotite would persist to higher temperatures. It should be noted that in our experiments, biotite would be a product of reaction (7). The modal amount of plagioclase decreases from 41 vol. % at 850°C and 12'5 kbar, to 27 vol. % at 850°C and 15 kbar. Breakdown of plagioclase with increasing pressure also eliminates orthopyroxene and forms garnet and clinopyroxene (e.g. Thompson & Ellis, 1994) . This is compatible with the present experiments as orthopyroxene disappears from 12-5 to 15 kbar, and garnet and clinopyroxene become more abundant (Table 3) . Breakdown of plagioclase and formation of dense phases such as garnet cause back-bends on the garnet-forming dehydration-melting reactions (e.g. Thompson & Ellis, 1994; Patifio Douce & Beard, 1995) . Another possible explanation for termination of reaction (1) between 12*5 and 15 kbar could be that epidote is involved in the plagioclase and orthopyroxene breakdown reaction Plagioclase + Epidote + Orthopyroxene = Garnet + Clinopyroxene + Biotite + Melt. (8) Reaction (8) would also cause biotite to persist to higher temperatures, and cause back-bending of the epidote-free amphibole dehydration-melting reaction (Thompson & Ellis, 1994) .
At 875°C, amphibole is only present in trace amounts whereas the charge still contains ~ 8 vol. % biotite. This observation confirms that the amphibole-out temperature drops from 925°C at 10 kbar to 875°C at 15 kbar. This result is important for the generation of granitoid liquids in the lower continental crust and will be discussed below. Biotite disappears from 875°C to 900°C, but breakdown of 8 vol. % biotite only produces an additional 3 vol. % of melt (Table 3) .
kbar
The transition from 15 kbar to 20 kbar represents another dramatic change in the phase relations in that only ~ 7 vol. % melt is present at 850°C. Despite the low melt fraction, only ~6 vol. % biotite remains, and amphibole has reacted to omphacitdc clinopyroxene. Newly grown plagioclase is more albitic and potassic and less calcic than at lower pressures, and the charge contains grains of alkali feldspar (Table 10 ). The low melt fraction is mainly a result of the formation of omphacite and alkali feldspar which prevents Na from entering the melt phase. The amount of glass increases smoothly from 850°C to 925 C C, whereas the amounts of plagioclase and quartz decrease (Fig. 2) . The abundance of garnet does not vary systematically, and melting from 850°C to 925°G is probably caused by a reaction such as
An important phase transition occurs from 925 C C to 950°C where the jadeite component of clinopyroxene breaks down (Fig. 5) . This is associated with an increase in the amount of plagioclase and a decrease in the amount of clinopyroxene, garnet and quartz. These observations suggest a reaction of the form Clinopyroxene (jadeite component) + Garnet + Quartz = Plagioclase + Melt.
Axnphibole-biotite relationships from 10 to 125 kbar
The phase relations at the lowest temperatures from 10 to 15 kbar are rather complex owing to the presence of several hydrous phases.To attempt to better understand the phase relationships, the possible reaction relationships between crystalline phases have been mapped in the region which is located at temperatures higher than the wet basalt solidus. (Fig. 9 ). This task was performed using the program PTAX (Perkins et al., 1986) and the database of Berman (1985) . All the experimental charges contain glass, and to interpret the experimental results, a melt phase has to be taken into consideration. In a fluidabsent situation, melt will be the most water-rich phase, and will occupy a chemographic position 5000-500 600 700 BOO 900 1000 1100 1200 1300
Temperature ( analogous to water [ Fig. 9 ; see also Vielzcuf & Montel (1994) ]. Because our bulk composition is Fe rich we show in detail the petrogenetic grid for the KFASCH system. The dotted lines show the positions to the analogous reactions in the KMASCH system. Fig. 9 shows that there are several interesting reactions situated at lower temperatures than the dehydration-melting reaction of biotite and quartz to yield orthopyroxcne and melt (a). Reactions (b) and (c) are important, and show that the thermal stability of biotite is lowered in the presence of zoisite by 100-300°C, depending on pressure. The calculated phase diagram suggests that amphibole (ferro-tschermakite) is produced by dehydration of biotite and zoisite at low pressures (c) and then amphibole goes through dehydration at higher temperatures (d). Another potentially important reaction is (e), which was also appreciated by Vielzeuf & Montel (1994) . Reactions (a)-(f) are all at temperatures higher than the wet basalt solidus (heavy dotted line; Wyllie & Wolf, 1993) , and in a fluid-absent situation there should exist fluid-absent melting reactions with chemographic positions similar to the dehydration reactions (Vielzeuf & Montel, 1994) . However, the melting reactions may very well be displaced to higher or lower temperatures and have different Clapeyron slopes from the dehydration reactions. If, however, we accept that melting reactions with similar chemographic positions occur, the phase diagram supports our interpretations based on the experimental results. We suggest that a dehydration-melting reaction similar to (c) explains the transformation of biotite to amphibole in the charge at 850°C and 10 kbar. Whereas the dehydration reaction (c) has a positive slope, the analogous reaction in our experiments must slope negatively owing to garnet as a product of the reaction from 10 to 12-5 kbar.
In our experiments, reaction (1) would be the analogous reaction to (c) of Fig. 9 . Another potentially important reaction is (e), which represents breakdown of biotite-bearing assemblages without the production of orthopyroxene. At 10 kbar and 850°C, it is possible that a melting reaction similar to (e) is overstepped, and although most biotite is transformed to amphibole by (c), some biotite melts according to reaction (e). The change in the modal composition at 10 kbar from 850°C to 875°C can be explained by a larger degree of overstepping of reaction (e). If this is the case, more biotite will melt according to a reaction analogous to (e) whereas less amphibole forms from biotite. The thermal stability of amphibole is obviously much higher in our experiments than is suggested by PTAX, and the lack of thermodynamic data for complex amphiboles remains a problem. However, the calculated phase diagram (Fig. 9) is important, as it supports our interpretation that the presence of epidote lowers the thermal stability of biotite significantly.
Our experiments and the calculated phase diagram suggest that the 'simple' phase relations shown by biotite + quartz ± plagioclase and amphibole + plagioclase ± quartz assemblages (Vielzeuf & Clemens, 1992; Patiiio Douce & Beard, 1995) are likely to become very complicated in amphibolebiotite-epidote mixtures owing to the complex reactions situated at lower temperatures than the amphibole and biotite dehydration-melting reactions. Experiments performed on biotite + amphibole-bearing rocks are lacking, and the only other VOLUME 37 NUMBER 3 JUNE 1996 study that can be used for comparative purpose is that by Rutter & Wyllic (1988) . They performed vapour-absent melting experiments on a tonalitic gneiss containing 12 -5% biotite and 9% amphibole. It is not easy to compare our results with those of Rutter & Wyllie (1988) because of the very short run durations and lack of modal data in the latter study. Rutter & Wyllie (1988) showed that biotite breaks down from 825°C to ~900°G owing to the dehydration-melting reaction Biotite + Quartz + Plagioclase = Orthopyroxenc + Garnet + Melt.
Amphibole went through dehydration-melting at higher temperatures (1000°C) producing clinopyroxene. The phase relations demonstrated in these experiments are very different from those in this study, again suggesting that the presence of epidote and the bulk composition must have a profound influence. However, it is interesting that Fig.  1 of Rutter & Wyllie (1988) indicates that 5-10% melt is produced just above the solidus but orthopyroxene is not listed as part of the mode. This result suggests that a reaction analogous to (c) of Fig. 9 might have been operative in this bulk composition as well.
An important observation is that the thermal stability of amphibole decreases from 10 to 15 kbar, meaning that the fertility increases with increasing pressure. Decreasing thermal stability of amphibole with increasing pressure has been observed by many workers (Lambert & Wyllie, 1972; Burnham, 1979; Le Breton & Thompson, 1988; Rushmer, 1991; Wyllie & Wolf, 1993) , and results from formation of dense phases such as garnet and jadeitic clinopyroxene in the melting reaction. Patino Douce & Beard (1995) performed fluid-absent melting experiments on an amphibole + plagioclase + quartz mixture, but did not observe any back-bending of the amphibole dehydration-melting reaction. The reason for the lack of back-bending in their case was probably that not enough garnet formed in their experimental charges. In our experiments, the amount of garnet increases strongly with pressure, explaining the negative slope to the amphibole dehydration-melting reaction.
MELT GENERATION AND MELT COMPOSITION IN P-T SPACE
Not surprisingly, this study confirms that the vapour-absent melting reactions split the rock into a fusible felsic melt phase and a more mafic restitic assemblage. There are important systematic variations in the composition of the melt phase with pressure and temperature (Fig. 8) . The melt becomes enriched in CaO, MgO and FeO with increasing temperature at 10 kbar. At higher pressures there arc only slight tendencies for increasing abundances of the same oxides with increasing temperature. FeO behaves differently at 10 and 15 kbar from 975°C to 1000°C. At 10 kbar, FeO increases from 27 to 5-6 wt%, and from 1-9 to 2 wt% at 15 kbar. The strong increase in the abundance of FeO at 10 kbar is related to the breakdown of garnet from 975°C to 1000°C. At 15 kbar, garnet is still present at 1000°C. The melts become less silicic with increasing temperature. The amount of AI2O3 is temperature independent at all pressures except at 20 kbar, where AI2O3 decreases monotonically from 14-5 wt % to 13-6 wt %. Except at 20 kbar, the melts become enriched in Na 2 O and K 2 O to 925°C owing to breakdown of biotite, amphibole, orthoclase and the albite component of plagioclase. The melts become depleted in K 2 O at T>925°C owing to dilution by other components. The amount of K 2 O increases with pressure, whereas the abundance of FeO,, MgO and CaO decreases with pressure. Accordingly, the melts become somewhat more felsic with increasing pressure, resulting from the increasing amount of garnet (Fig. 2) , which scavenges FeO, MgO and CaO from the melt. The increasing amount of garnet is a characteristic feature with increasing pressure, and is accompanied by removal of orthopyroxene at P> 12-5 kbar and a lower modal abundance of plagioclase (Fig. 2) . Plagioclase become notably less calcic with increasing pressure (Fig. 7) and the amount of quartz generally increases with increasing pressure at 7~<950°C (Fig.  2) . Formation of garnet and breakdown of orthopyroxene and the anorthitc component of plagioclase can be explained by the well-known reaction (e.g. Thompson & Ellis, 1994; Patino Douce & Beard, 1995) The mode and phase compositions are consistent with this reaction taking place at T<925°C. Below this temperature, the amounts of A1 2 O 3 in the glasses are higher at 20 kbar than at lower pressures (Fig.  8) , and the abundance of clinopyroxene increases with pressure.
The amount of melt that can be produced from a given rock decreases with increasing pressure because the solubility of H 2 O in silicate liquids increases strongly with pressure (Burnham, 1979) . At 925°C the abundance of melt decreases from ~34 vol. % at 10 kbar to 23 vol. % at 20 kbar (Table 3) . At lower temperatures the variations are more complex. There are two main factors causing the variations in the melt abundances with increasing pressure: (1) lower thermal stability of amphibole with increasing pressure and (2) the behaviour of Na. The largest, and most important, variations in the amount of melt take place at 850°C. The abundance of melt increases from ~5 vol. % at 10 kbar tõ 16 vol. % at 15 kbar. At 850°C and 20 kbar the melt abundance is down to ~7 vol. %. The increase in melt abundance from 10 to 15 kbar is clearly related to lower thermal stability of amphibole. At 20 kbar, the fertility decreases dramatically owing to higher solubility of water and formation of omphacitic clinopyroxene. Formation of omphacitic clinopyroxene reduces the amount of Na 2 O that is available for the melt phase and the fertility decreases.
COMPARISON WITH MELT COMPOSITIONS OF OTHER FLUID-ABSENT STUDIES
In Fig. 10 we compare the compositions of granitoid glasses from a selection of fluid-absent melting experiments at 10 kbar on different protoliths (Vielzeuf & Holloway, 1988; Beard & Lofgren, 1991; Patifio Douce & Johnston, 1991; Patifio Douce & Beard, 1995) , and a quick glance demonstrates major differences. Several of the trends converge at the lowest temperatures, and this is particularly true for SiO 2 , FeO and TiO 2 . The trends for MgO also converge, with the exception of that determined by Vielzeuf & Holloway (1988) . At higher temperatures, the compositions of the glasses diverge significantly, and large variations in the contents of CaO and K 2 O occur at all temperatures. In the absence of external heat input, temperatures higher than 900°C (England & Thompson, 1984; Patifio Douce et al., 1990) are not likely to occur in the lower continental crust. At this temperature the glasses produced from different metamorphic rocks ranging from pelite to amphibolite are similar in composition except with respect to K 2 O and GaO. Granitoids produced from metapelites arc much richer in K 2 O and very poor in CaO compared with granitoids formed by anatexis of amphibolite. The reason for this is the lack of K-bearing phases in amphibolites and the low content of Ca-bearing phases in metapelites. Although it is difficult to determine the source rock for anatectic granites, it is very clear that high contents of GaO strongly indicate amphibolite, whereas very high K 2 contents indicate metapelitic source rocks. An elevated content of CaO in granitoids can reflect both plagioclase and amphibole in the source, but plagioclase-rich source rocks lacking amphibole produce melts that contain <2 vol. % CaO (Fig. 10) . This relationship is nicely demonstrated by the glasses produced by Patino Douce & Beard (1995) , who performed experiments on mechanical mixtures of biotite + plagioclase + quartz and amphibole + plagioclase + quartz (An 38 in both cases). It should be noted that the two trends for CaO converge at 900°C, but diverge considerably at higher temperatures. At higher temperatures (T>900°C) the compositions of the glasses display considerable variation, because the glass composition moves away from the minimum-melt composition and towards the bulk composition of the starting material. The comparison for A1 2 O3 shows that the trend from the present study overlaps with trends from biotite gneiss and the biotite and amphibole mixtures. However, the trends from two sillimanite-bearing metapelites surprisingly differ by >2 wt%.
In summary, melts formed at low temperatures from a variety of source rocks are similar, but important differences are present. If the temperature exceeds 900°C, magmas of rather variable composition can be produced. It will therefore generally be a difficult task to determine the source rock of anatectic granites from their compositions, and this task is made even more complex as melts from a given source rock vary considerably with pressure (Fig. 8 ).
To make the task even more complex, and Skjerlie & Patino Douce (1995) have shown that dehydration-melting of layered metamorphic rocks causes substantial exchange of elements between the layers, which influences the melt fraction in each layer and the composition of the melts.
DISCUSSION AND CONCLUSIONS
The results of the present study have several important implications for our understanding of the production of anatectic granitoid magmas under fluid-absent conditions. Rocks like the one used in this study are likely to be abundant along island arcs and active continental margins, and in such areas granitoid plutons are abundant [see summary by Brandon & Lambert (1994) ]. In supra-subduction zone settings, mafic magmas form in the mantle wedge, invade the overriding arc and fore-arc, and introduce heat into the crust. Owing to this heat input, intermediate rocks may be important source rocks for the generation of anatectic granitoid magmas along active continental margins and island-arcs. The active arc-building stage may be followed by compressional orogenesis, and intermediate rocks may be deeply buried owing to crustal shortening and nappe emplacement. Thermal modelling suggests that temperatures higher than 900°C are unlikely to result from crustal thickening owing to nappe emplacement (England & Thompson, 1984; Patifio Douce et al., 1990) , and significant anatexis of crustal rocks with a composition like the one we have studied is therefore only possible at 10 kbar if hot mantle-derived magmas are introduced into the crust. However, an increasing number of granulite facies terrains record very high temperatures (900-1000°C; Harley, 1989) , so under certain conditions of high-grade metamorphism, the melting potential of intermediate rocks is significant. At 15 kbar, which represents the bottom of thickened continental crust, advanced melting may occur from intermediate rocks. Amphibole dehydration-melting reactions have negative Glapeyron slopes in many bulk compositions, and the fertility of amphibolebearing rocks therefore increases with pressure. However, it is likely that the negative Clapeyron slope makes it difficult for such melts to form highlevel plutons. The reason for this is that the melts formed along the negative slope will crystallize amphibole upon decompression. Only if the magmas are transported rapidly upwards by dyking will they be able to form high-level plutons.
Rocks containing both biotite and amphibole could have the potential to produce magmas of different composition if biotite and amphibole go through dehydration-melting at different temperatures; i.e. if biotite goes through melting before amphibole, and if melt extraction is effective, granitic magmas could be followed at higher temperatures by granodioritic-tonalitic magmas. It is possible to imagine a progressive heating event in which fusion of biotite-and amphibole-bearing crustal rocks may be capable of generating magmas varying in composition from granitic to granodioritic (and possibly trondhjemitic). It has generally been envisaged that a granitoid magma is unable to leave its source region unless the melt fraction is above the so-called critical melt fraction, which is thought to be from 20 to 50% in rocks not experiencing deviatoric stress (Arzi, 1978; Van der Molen & Paterson, 1979) . The above scenario has lost support in recent years, and Clemens & Mawer (1992) and Sawyer (1994) have argued that granitoid magma may escape rapidly at much lower melt fractions by fracturing and dyking. If this is so, it is possible that the early potassic melts are removed before amphibole goes through dehydration-melting leaving behind a biotite-free residue consisting of plagioclase, quartz, amphibole and garnet. At some higher temperature, amphibole undergoes dehydration-melting and produces granodioritic-tonalitic magmas. If these higher-temperature melts accumulate in the same magma chamber, zoned granitoid bodies may form from the same source rock. In the present experiments, biotite melting produced only ~5 vol. % melt at 10 kbar because most biotite reacts with epidote to amphibole and orthoclase without formation of much melt. Although low melt fractions can be removed from rocks experiencing non-coaxial deviatoric stress, it is not likely that the rock of our study would be a good candidate for a two-stage granitoid-forming event. Rutter & Wyllie (1988) showed that biotite dehydration-melting occurred from 825°C to 900°C and produced 20% granitic melt from their tonalitic bulk composition. Hornblende melted at higher temperatures and did not disappear before the temperature reached 1000°C. In this case, it is possible that granitic and granodioritic-tonalitic magmas could form from the same source rock during a heating event. In the present starting material, biotite is effectively transformed to amphibole because of the presence of epidote. If epidote was absent it is possible that biotite dehydration-melting would finish before amphibole dehydration-melting at 10 kbar with increasing temperature. Our results show that the thermal stability of biotite increases from 10 to 15 kbar whereas that of amphibole decreases. As a result of this relationship, the two phase-out curves converge and intersect just below 15 kbar. Therefore it is possible that granites may be followed by granodioritetonalite at moderate pressure and vice versa at higher pressure. This relationship could imply that some of the many zoned granitoid plutons in collision zones (e.g. Brandon & Lambert, 1994) may have formed from melting of single source rocks containing both biotite and amphibole. More work on modally similar starting materials with variable m£-number, and lacking epidote, is necessary to further study the above-mentioned possibilities.
